Fluorescence quenching of oxonine in methanol was investigated by means of a computerized dye laser flash spectrometer for the AGO, dependence of the quenching rate constant (k,) and the efficiencies of induced dye triplet formation (w), reduced dye radical formation (fR), and induced internal conversion. A total of 34 substituted benzenes including 20 monohalogenated benzenes, toluenes, and anisoles were used as quenchers spanning a range of -0.85 5 AGO,, 5 1.4 eV for a possible photoelectron-transfer reaction with the dye singlet as electron acceptor. Induced internal conversion was the dominating channel in all cases. Free-radical formation was less than 2.0% throughout. Induced triplet formation was only detectable with heavy-atom-substituted quenchers and with AGO,, I -0.13 eV such that the free energy of the radical pair was not below the triplet energy of oxonine. In spite of a wide variation of k the efficiency % was almost constant for a set of quenchers with the same halogen substituent. The log k, values were foun% to correlate with AGOc,, however, not in the well-known Rehm-Weller fashion with log k, a -AGo,,/RT as the limiting behavior at positive AGO,,, but rather with a proportionality of log k, to -log(AGO,,). This type of correlation could be derived from an extended Rehm-Weller quenching model taking into account the charge-transfer character of the encounter complex prior to complete electron transfer. On the basis of this model we could also establish an almost linear correlation between the rate constant of induced triplet formation and the function FHA = Cx2{x2J(AGo,t) which allows prediction of the pertinent rate constant over 6 orders of magnitude with an uncertainty of a factor of 2.2. In FHA the parameter Cx2 is an average spin density transferred to the halogen substituent X of the quencher in the case of full charge transfer, Cx is the atomic spin-orbit coupling constant of X, and J(AGoet) is the thermally averaged charge-transfer character of the encounter complex multiplied by a factor proportional to its dissociation lifetime.
Introduction
The enhancement of spin-forbidden processes by heavy atoms has been a matter of considerable interest in molecular spectroscopy since 1949 when McClureI first established a correlation between the decay time of aromatic triplets and the spin-orbit coupling constants of halogen substituents. Of particular interest is the fact that for inducing or accelerating spin-forbidden transitions in a molecule it may be sufficient that heavy atoms are present in the surrounding medium (external heavy atom effect). The first systematic investigations of external heavy atom effects were reported by McGlynn and co-worker~.~-~ The processes which have been influenced by external heavy atom effects are singlet-triplet a b s o r p t i~n ,~,~!~ radiative3 and nonradiative' decay of excited triplets, phosphorescence depolarizati0n,8,~ and fluorescence decay by induced triplet f~rmation.~ Important applications of external heavy atom effects are the determination of triplet energies by So -T, absorption,6 the determination of triplet formation efficiencies by the technique suggested by Wilkinson and co-workers,1° and the control of certain photochemical reactions which yield different products from the excited SI and from the T, state."-13 The latter two applications are based on induced triplet formation. Avoiding of this process may be of considerable practical interest, e.g., in connection with the lightfastness of dyes,14 where triplet formation is often the primary step for undesired photodegradation.
Although it is obvious that spin-orbit coupling must be involved in some way in all of the above-mentioned effects, particularly in the case of the external heavy atom effect the mechanistic details are still a matter of debate. Usually the central question is, if (a) the heavy atom in the perturber P merely enhances the in-* Authors to whom correspondence should be addressed. Another point important, for understanding the external heavy atom effect is the question of complex formation between excited molecule and external perturber. If there is a bonding interaction between them this will extend the contact time of the pairL5 and will obviously increase its susceptibility to a heavy atom effect. On the other hand it is possible that the stabilizing interaction responsible for the bonding may enhance the efficiency of the heavy atom effect by its very nature. Among the interactions (1) McClure, D. S. J. Chem. Phys. 1949, 17, 905-913. (2) McGlynn, S. P.; Sunseri, R.; Christodouleas, N. J . Chem. Phys. 1962 Phys. , 37. 1818 Phys. -1824 '(3) McGGnn, S. P.; Reynolds, M. J.; Daigre, G. W.; Christodouleas, N.
(4) Christodouleas, N.; McGlynn, S. P. J. Chem. Phys. 1964,40, 166-174. ( 5 ) Kasha, M. J. Chem. Phys. 1952, 20, 71-74. D J . Phys. Chem. 1962, 66, publ. in: Journal of Physical Chemistry 94 (1990 ), 6, pp. 2476 -2487 Konstanzer Fluorescence Quenching of Oxonine discussed in this regard, charge-transfer (CT) interaction may support intersystem crossing even without any heavy atom present,16J7 but it may also provide an efficient mechanism for an internal conversion process in fluorescence quenching via fast forward and backward electron transfer.'* Thus the simultaneous presence of CT and heavy atom interactions will cause an intriguing situation with respect to their mutual interplay. A number of experimental studies have contributed information on the mechanisms of external heavy atom effects. Since in the present work we are concerned with fluorescence quenching we will briefly review some of the work pertaining to this particular process.
It has been demonstrated by quenching experiments with XelOC and with Cs+ ionsI9 that the external heavy atom effect does not require obvious contributions from CT states or low-lying locally excited states of the perturber. Recently it was also shown in molecular beam experimentsz0 that van der Waals complexes of aromatic molecules with Kr and Xe exhibit faster electronic decay than the isolated aromatics.
A correlation of the fluorescence quenching constant of several aromatic compounds with the energy gap between S1 and the next situated lower or, if thermally accessible, higher triplet state has been demonstrated in a series of papers by Dreeskamp and cow o r k e r~~~-~~ using alkyl iodides as quenchers. Their findings reflect the importance of the Franck-Condon factor in the heavy-atominduced intersystem crossing process. Since the same energy gap determines the purely intramolecular process (kIsc) in the fluorescer one might also expect a correlation of the quenching rate constant with klsc. Such relations have been indeed reported for Cs+I9 and Ag+24 as quenchers.
The particular problem of interference between CT and heavy atom effect has been addressed in a paper by Schulte-Frohlinde and HermannZS who investigated the fluorescence quenching of various 9,lO-substituted anthracenes by 1,4-substituted benzenes carrying one electron donating or accepting substituent and one CI or Br substituent. The induced formation of triplets was qualitatively confirmed in some experiments and the quenching process was discussed as being exclusively due to induced triplet formation. It was attempted to increment the quenching rate constant for C T and heavy atom contributions whereby it was concluded that, as a rough approximation, both contributions could be considered as additive effects.
Quenching experiments of acridinium fluorescence by Bendig et a1.,26 who applied a series of bromo and iodo hydrocarbons as quenchers, furnished linear correlations between log k, and the ionization potentials of the quenchers, though with different slopes for the bromo and iodo compounds. The rate constants of the corresponding iodo quenchers were consistently higher by a factor of about 20. This provided evidence that the quenching was due to induced triplet formation. CT and heavy atom effect were concluded to be multiplicative effects.
Gutierrez and Whitten compared the efficiencies of fluorescence quenching and induced cis-trans photoisomerization (which served as an indicator of the degree of induced triplet formation) in the quenching of singlet excited 1,2-bis(pyridyl)ethylenes by aromatics and heteroaromatics" and by aliphatic halogen compounds.Iz From their results they concluded that CT quenching and induced (16) Okada, T.; Karaki, I.; Matsuzawa, E.; Mataga, N.; Sakata, Y.; 
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The present systematic investigation of fluorescence quenching of oxonine by various benzene derivatives including those carrying an additional halogen substituent was undertaken in order to complement the picture which had emerged from two previous E(S,)= 2.07eV E(T, 1=1.67tO.O8eV studies of our groups. In the first onez7 we had investigated the branching between radical formation by electron transfer and induced TI-So intersystem crossing in thionine triplet quenching by the complete series of monohaloanilines. The conclusions from this work, which were also corroborated by analogous investigations with oxonine and selenine triplets,28 were that the quenching could be conceived as a sequential process of (i) electron transfer by which a triplet exciplex was formed, this process determining the rate constant of quenching, and (ii) the decay of the triplet exciplex by dissociation into free radicals or by heavy-atom-induced spin-inverted electron back-transfer regenerating the dye ground state. A marked positional dependence of the heavy atom effect was found which paralleled the unpaired spin density transferred to the heavy atom substituent in the quencher radical cation. the efficiency of radical formation versus induced internal conversion was studied in the fluorescence quenching of oxonine by aromatic amines and methoxy compounds covering a wide range of oxidation potentials which corresponded to a range of free enthalpy change AGO,, of electron transfer from -1.56 to -0.12 eV. This investigation furnished a linear relationship between the log of the radical yield and AGOct. The radical yield was appreciable (0.45) at the lower limit and decreased to almost vanishing values at the upper limit where, however, the quenching was still close to diffusion-controlled.
In the present work the applied quenchers cover a range of AGO, values in the positive and weakly negative region where the C T state is localized above SI or between SI and TI of the dye.
Thus induced triplet formation that we had previously been able to detect with allylthiourea and other q~e n c h e r s~~~~ was possible. In the present investigation special experimental effort was made to obtain precise values of the yields of induced triplet formation, radical formation, and induced internal conversion for a closely related series of quenchers in order to reveal the possible relation between CT and heavy atom interaction in the quenching process.
Experimental Section
1. Chemicals. Oxonine was synthesized according to the method of Kehrmann and Saager33 with the modification that 3,7-dinitrophenoxazine was reduced to leucooxonine by Pt-catalyzed hydrogenation which led to considerable yield improvement. 99%, sv) , 4-bromofluorobenzene (E, 97%, 2X d), 4-bromonitrobenzene (E, 99% sv and r from methanol), 4-bromophenol (F, >99%), 2-bromotoluene (F, >98%, d), 3-bromotoluene (F, >99%), 4-bromotoluene (F, >99%), 4-chloroanisole (E, >99%), chlorobenzene (F, 99.5%), 4-chlorotoluene (F, >99%), fluorobenzene (F, >99.5%), 2-iodoanisole (F, 98%, 2X dv), 3-iodoanisole (R, 98%, 2X dv), 4-iodoanisole (F, 98%, sv), iodobenzene (M, >98%, 2X dv), 2-iodotoluene (F, 98%, 2X dv), 3-iodotoluene (F, 98%, 2 X dv), 4-iodotoluene (F, 98%, sv), potassium bromide (M, >99.5%), potassium iodide (M, >99.5%). The solvent used for the experiments was methanol (M, reagent grade).
In
2. Apparatus. Absorption spectra were recorded on a Zeiss DMR 10 spectrophotometer. Fluorescence measurements were performed with a Fluorispec S F l , using a perpendicular arrangement of fluorescence excitation and observation. Oxonine fluorescence was excited at 540 nm. Fluorescence spectra were not corrected since only relative fluorescence intensities were to be compared in the quenching experiments.
Induced triplet formation was monitored by triplet-triplet absorption spectroscopy using a computer-controlled laser flash spectrometer. The setup of this instrument is depicted in Figure  1 . The sample is photolyzed in a 1 cm flow-through cuvette by the pulse of a flash-lamppumped dye laser (Lambda Physik FL 3000). A wavelength of 590 nm was used with rhodamine 6G as the laser dye. The laser pulse width limiting the time resolution was about 1 ps, and pulse energies up to 14 mJ were available. The probe light source was a 150-W xenon high-pressure lamp (OSRAM XBO 150 W/1) pulsed for millisecond intervals with an electrical power of 4 kW. To make optimum use of the energy of the narrow laser beam, probe light and exciting beams were crossed in the cuvette at a very low angle (4.4'). At maximum laser energy the energy density over the cross section of the probe beam in the cuvette (ca. 3 mm2) amounted to 0.35 J cm-, (1.7 X 10"E c d ) . Since the exciting energy flux is distributed over a fairly long period of ca. 1 ws the stationary concentration of excited singlet remains low during a pulse and two-photon processes are largely avoided. Furthermore, the long pulse duration is very favorable in that excited molecules which were not converted to triplets in the quenching process can be excited many times during the same laser pulse so that the measured triplet signals are greatly enhanced, which extends the detection limits for efficiencies of induced triplet formation to values of about 0.05% A 5tep-motor-controlled grating monochromator (Ja-SCHEME I ('A* I= ('A')"+D I l l rell-Ash 82-410) was used for wavelength selection of the probe light which was monitored by an EM1 9659 QB photomultiplier with extended S20 photocathode. The signals from the photomultiplier and a photodiode monitoring the laser flash time profile were recorded on a two-channel Datalab 922 digitizer, the time resolution of the detection system being 50 ns. An independent reading of the integrated laser pulse energy was also taken by use of an energy meter (Laser Precision Rk 3230 with a pyroelectric detector RkP-335). Data acquisition and operation of the system was completely under microcomputer control (Texas Instruments T M 990) which allowed for a signal repetition frequency of 10 s-'. Before investigations the solutions were flushed with highpurity nitrogen (0, content less than 6 ppm) for 30 min. Exchange of probe solution in the cuvette was achieved by means of a flow system driven by a slight pressure of Nz and controlled by the microcomputer through a magnetic valve, so that the solution could be kept at rest during signal recording. Furthermore, a computer-controlled shutter restricted exposure times of the sample solution to the probe light to a minimum period necessary for signal recording.
The computer control allowed various modes of operation and data processing. For the present work the modes of signal averaging of complete kinetic traces and of transient spectra recording were applied. In the latter mode the optical density of the transients is recorded at several selected delay times for each signal. During the measurement the monochromator is stepped through the wavelength interval of interest whereby signal averaging over a selected spectral width is applied continuously. As a result of this mode one obtains a simultaneous on-line recording of several transient spectra at various delay times. For details of the laser spectrometer cf. ref 34. Another mode of operation especially suited for the detection of magnetokinetic effects has been described p r e v i~u s l y .~~
Procedures for Determining Rate and Efficiency Parameters
I. General Kinetics. The reactions considered in this investigation and the pertinent rate and efficiency parameters are presented in Scheme I. The excited dye and the quencher are denoted as A+ and D in order to express their roles as electron acceptors and donors, respectively. The singlet excited dye *A+* decays with a rate constant ko, whereby the excited state 3A+ is formed with an efficiency of qTo and qGo = (1 -qTo) is the sum of the efficiencies of fluorescence and internal conversion. Singlet quenching by the donor takes place with a rate constant k,, and rlR, vT, qG are the efficiencies of radical formation, induced triplet formation, and induced internal conversion, respectively, in the bimolecular quenching process (qR + qT + qG = 1).
The rate constant k, was obtained from measuring stationary fluorescence intensities I and applying the Stern-Volmer relation
The efficiency parameters qi were obtained from [DJ-dependent quantum yields ai determined by transient absorption measurements with the laser flash spectrometer. According to Scheme I the quantum yield @T of dye triplet
formation depends on the donor concentration as follows:
This may be rearranged to the following expression:
which allows qT and k to be evaluated from slope and intercept of a straight line if qT8and ko are known. Alternatively qT may be determined by comparing absorption and fluorescence measurements directly, Le., by combining eqs l and 2: ( 
4)
Relations analogous to eqs 2-4 also hold for the radical yield, however, with the simplification that a corresponding term from the monomolecular process is zero.
Absolute Quantum Yields.
Three quantities must be determined for obtaining absolute quantum yields: the absolute light intensity applied to the sample, the fraction of light absorbed, and the amount of products formed. The first item has been dealt with in the Experimental Section. The second one is not a trivial matter of applying Lambert-Beer's law because the concentrations of dye ground state and transients, competing in light absorption with the ground state, change during the laser flash. Furthermore, in the quasi-collinear arrangement of laser and probe-light beam the concentrations are not constant along the optical path length. The third of the above items requires the knowledge of the extinction coefficients of the transients in order to assess their absolute concentrations. We will deal with the latter problem first.
In Figure 2 is shown the time evolution between 5-and 185-ps delay times of transient spectra in a typical experiment. In the long-wavelength region the spectrum is typical of the triplet and closely resembles that of related dyes as t h i~n i n e~~ and ~elenine.~.~' Whereas the decay in this wavelength region is uniform this is not the case in the short-wavelength region where a long-lived band persists after 185 p. This band is mainly due to the semioxonine radical formed in the quenching either of the excited singlet or of triplet by the electron donor (iodobenzene in this case). Thus the absorption in the long-wavelength region is due to the triplet alone whereas in the short-wavelength region triplet and semioxonine radical have overlapping absorption. The spectral change in the region between about 500 and 610 nm is negative and is mainly due to the bleaching of the dye ground state.
The assumption that only three types of species, Le., dye triplet 
The coefficients a and b depend on the extinction coefficients of the pertinent species at the wavelengths considered. If one wavelength, say y , is chosen in a spectral region where only the triplet absorbs we may express AE, as follows:
The reason of introducing eq 6 is that the extinction coefficients of radical and triplet, eR and tT, are separated in the primed coefficients:
The relation with the unprimed coefficients is Using one wavelength from each of the three spectral regions shown in Figure 2 (x = 568 nm, y = 760 nm, z = 403 nm) corresponding to spectral maxima or being as close to them as avoiding of laser stray light (590 nm) allowed, it was found that for all systems investigated in this work eq 5 holds well with a = -1.82 and b = -2.35
Since a and b did not significantly depend on the donor used it may be concluded that the absorbance of the radical cation contributes little at the wavelengths considered or that it is very similar at least for those quenchers where radical formation is considerable (e.g., 2-iodoanisole). A demonstration of the validity of eq 5 is given in Figure 3 .
In order to determine the coefficients a'and b'which are specific for triplet and semioxonine, respectively, some additional information on the relative concentrations of the two species is needed. It can be obtained by experiments where KI is added in a concentration which is sufficient for rapid triplet quenching but still avoids competition in singlet quenching with the electron donor. Previous experiments with thionine have shown that triplet quenching by 1-occurs without radical formation.39 The same will be assumed for oxonine triplet. Then the difference A,(AEi) in parallel experiments with and without I-observed at delay times where the triplet is still present in the I-free experiment are only due to a change of the triplet contribution, Le.
AI(AE,)
Ar(AE,) = a'AI(AE,,)
Thus a'and c'can be obtained. Equation 8a represents an independent criterion to check whether the assumption underlying eqs 9a,b are justified. In fact this turned out to be the case. The best values for a' and c' were
The relations 7a-c may be used for obtaining absolute At values at different wavelengths if 3T.7M) is known. To obtain this quantity the limiting value of AE760 at high laser energies was accurately determined for the case of oxonine fluorescence quenching by 9.5
(39) Winter, G. Dissertation, Universitat Stuttgart, 1978. which is a lower bound to the actual value, the equality being valid in the case that no radicals are formed (vR/vT = 0).
Substituting tT.760 into eqs 7a and 7c yields (eT -&,68 and (% -tG)403, respectively. In order to fix the corresponding Ac values for the radicals we made use of the observation that when oxonine triplet is quenched by aniline, which is known2* to yield radicals with an efficiency of 1.0, the absorbance at 568 nm does not change during the process where radicals are formed from the triplet. Hence
which allows one to determine (tTfrom eq 7b
Using this value it can be estimated that in the quenching of oxonine singlet by 4-iodotoluene the ratio vR/qT is about 1/30 which can be used to obtain an improved cT,760 and correct also the other At values. The molar extinction coefficients finally used in the analysis of product formation efficiencies are listed in Table  I . Knowing the absolute extinction coefficients at two wavelengths is sufficient to construct the absolute At spectra for triplet and radicals from two AE spectra corresponding to different triplet/radical ratios. The 9 and tR spectra thus obtained are shown in Figure 4 .
To obtain the quantum yields of product formation aT and aR in experiments with specific donor concentrations the transient absorption signals observed at 760, 568, and 403 nm were fitted (40) At the highest laser energy applied every dye molecule can be excited more than 50 times during the laser pulse so that the assumption will be justified even if the sum of the efficiencies of triplet and radical formation ir! a single quenching event is only 34% as finally determined. "Standard free enthalpy of (OxH'D'') radical pair formation according to eq 16 with data from by integrating the following phenomenological equations for triplet and radical concentration and computing the resultant time profiles of absorption by using the extinction coefficients given in Table   T   I cT(x,f) + CR(x,t) + CG(X,t) = C O (14) Here labG(x,t) is the rate per volume a t which laser photons are absorbed by the ground state and kl and k2 are effective firstand second-order rate constants of triplet decay, respectively. In eqs 12 and 13 singlet quenching and corresponding product formation are treated as instantaneous processes on the time scale of the experiment. aR' is the actual yield of radical formation in the triplet quenching process.
The rate of photons absorbed and the changes in concentration of the three species considered decrease along the optical path in the cuvette. Since second-order decay of the triplets and screening of the ground state due to transient absorption a t the laser wavelength had to be taken into account, it was not possible to separate spatial and temporal integration. Thus we applied a numerical method with finite differences in x and t.)4 Increments of Ax = 0.1 cm and At = 5 ns were usually sufficient to achieve a relative accuracy of aT better than 1%.
By fitting the parameters in eqs 12 and 13 the experimental curves a t the three wavelengths could be satisfactorily reproduced and +T and aR were uniquely determined. Furthermore, these values were confirmed by additional experiments applying triplet quenching by I-ions at a concentration such that radical formation from the triplet is suppressed (aR' = 0) but the singlet quenching by the donor is not affected. 
Results
T h e reaction parameters k,, qT, and qR determined for the quenching of oxonine fluorescence by a series of potential electron donors are listed in Table 11 . Also given are the standard free enthalpy AGO,, of radical pair formation by the electron-transfer process (15)
The value of AGO,, was obtained by using the relation1*
where F is the Faraday constant, ED+,D the standard oxidation potential of the electron donor, EAIA-the standard reduction potential of the electron acceptor and Eo,o(lA*) the purely electronic excitation energy of the electron acceptor. The quantity AG,, denoting the Coulomb energy of the radical pair, is zero for the present systems since we deal with a neutral acceptor radical (OxH') and a neutral donor.
T h e value of E o , o ( l O~H + * ) was determined as 2.07 e V from the intersection point of absorption and fluorescence spectra, both Foll et al. Table  I1 Table 111 for compounds where both E l j 2 and IP are available one obtains (17) (VS SCE) = IP -6.7 f 0.1 V No literature data were available for the 2-or 3-substituted bromoand iodoanisoles. Therefore, the required values for these were estimated by analogy with the behavior of the corresponding toluenes:
For lack of more direct data in the case of bromo compounds 1-4 of Table I1 the ionization potentials of the corresponding H or CI derivatives were used which might overestimate the actual values by 0.1-0.2 V.
The k, values obtained from the Stern-Volmer constants are based on a ko value of 2.94 X lo8 s-'.~' In Figure 5 log 
SCHEME I1
mechanism of aromatic compounds in acetonitrile solution. The data points of our experiments do not in general follow the Rehm-Weller correlation. However, this curve obviously represents a borderline marking the lowest k, to be found as a function of AGO,,. The significance of the dashed curves in Figure 5 will be discussed below.
The quantum yield vTo of spontaneous triplet formation of oxonine was measurable with the highest absorbed laser energy of einsteins L-I only, yielding a value of vTo = 0.06%. This figure also marks the detection limit of efficiencies 1 7~ for induced triplet formation. No such process was observed with quenchers, though brominated, in the AGO,, range 21.0 eV. One should note that these quenchers also will be discussed as a special case below.
Induced triplet formation is found in the AGO,, region between 0.8 and -0.1 eV for practically all quenchers carrying halogen substituents, 4-bromophenol being the only exception. The values for the chlorinated quenchers are on the same order of magnitude as spontaneous triplet formation. The results for the brominated compounds range between 1 and 2%, those for the iodinated quenchers between 24 and 35%.
At strongly negative AGO,, values (4-bromoaniline AGO,, = -0.83 eV) induced triplet is not detectable. It must be pointed out, however, that for AGO,, < -0.4 eV the energy of the radical pair is below the oxonine triplet (E(30xH+) = 1.67 f 0.08 eV)30 so that the rate constant of triplet quenching approaches that of singlet quenching which severely hampers the observation of induced triplet formation since in this case the triplet decays almost as fast as it is formed.
The efficiencies vR of the radical formation are all very low and in no case greater than 2%. Precise determinations were carried out, however, only in those cases where induced triplet formation was detectable. It turned out that in all cases vR was smaller than vT by at least 1 order of magnitude.
Discussion
A Quantitative Model of the Quenching Process. As one of the main conclusions from the results presented in Table I1 we note that, of the three deactivation channels, Le., radical formation by electron transfer, induced triplet formation, and induced internal conversion, the latter is clearly dominating (>65%). Induced triplet formation requires the presence of a heavy atom substituent but even in the most prominent case (2-iodoanisole) does not exceed the efficiency of induced internal conversion. Formation of free radicals is practically negligible with the quenchers investigated. The observed low order of magnitude of vR is consistent with the AGO,, correlation established by Iwa et al.29 What is the mechanism of the dominating induced internal conversion process? Since it is this mode of deactivation which largely determines the value of k, we may learn something about it from the correlation between k, and AGO,, shown in Figure 5 .
From the deviations of many of the data points from the RehmWeller (RW) correlation line it is clear that the RW mechanism cannot generally apply to our systems. According to this mechanism (cf. Scheme 11) the quenching rate constant is expressed asI8 (22) can be applied. They were also found to be valid in the case of thionine triplet quenching by a series of aromatic quenchers in methanolic solution.54
The essential feature of the RW mechanism is that only pure charge-localized states, Le., the encounter complex (A*.-D) with pCr = 0 and the radical pair (A--.D+) with pCr = 1 are considered, whereby irreversible decay (rate constant kgp) occurs exclusively in the latter. In terms of a reaction energy diagram (cf. Figure  6 ) where the adiabatic energy of educt and product state is plotted as a function of the relevant collective nuclear coordinate the Rehm-Weller view corresponds to a situation with almost negligible electronic interaction between the educt and the product state. The only effect of the interaction, which may be represented by a resonance integral p, is to allow the system to change from one potential curve to the other at the crossing point. Thus the rate of quenching is kinetically determined by the barrier crossing.
In order to explain the log k, (AGO,,) relation observed in the present investigation we suggest modifying the RW model by allowing a finite fl to become effective already in the region well before the crossing point which is tantamount to considering the effect of exciplex formation on the quenching rate. The wave function of the locally excited encounter complex ('LE = (A*-D)) and the contact radical pair ('CT = l(A--.D+)) are mixed through the interaction to form the exciplex state ('EX)
whereby a lowering of the educt and product minima is achieved and the activation barrier is rounded off (cf. Figure 6a) . Furthermore the encounter complex adopts some CT character already before the barrier crossing. Accordingly, a corresponding propensity to undergo the same type of irreversible decay as the pure C T state in the RW model is transferred to it.
On the basis of such considerations we suggest a kinetic model that is described by Scheme 111. It is characterized by reversible exciplex formation in an encounter (rate constants k,, and k-,) and by irreversible exciplex decay to the ground state ( k c ) and to the locally excited triplet state of A(k,CX). Since in all cases investigated here induced triplet formation was found to be less efficient than that of induced internal conversion, the former may be neglected in the discussion of the general AGO,, dependence of k,. The rate parameters of the exciplex model will be related to those of the RW model by setting6I
and Here the symbol ( ) q denotes thermal averaging over the reaction coordinate q. The square of b corresponds to the C T character of the exciplex and (26) is the stabilization energy of the encounter complex due to adiabatic C T interaction.
The factorfis a proportionality constant, the value of which shall be chosen such that in the limits AGO,, -f m the exciplex 
Here X is the nuclear reorganization energy after electron transfer according to the Marcus theory.55 A major contribution to X is due to solvent reorganization. For numerical calculations we used a value of X = 0.435 eV which is in best accord with the original Rehm-Weller data and with the above-mentioned data on triplet quenching of thionine by benzene derivatives in methan01.5~ If the difference E('CT) -E('LE) is denoted as e, the energy of the lower state ('Ex) obtained after introducing the resonance interaction fl is
The CT character of 'Ex as an implicit function of q is given by
The thermal averages entering into eqs 24 and 25 were calculated by numerical integration of the corresponding function over q using the weight factor
and normalizing the integrals by the partition function .fymw dq.
The AGO,-dependent curves obtained for k, from the exciplex model are shown in Figure 5 for various values of fl. As can be noted in the positive AGO,, region, all data points except for quenchers 1-4 fall between the lines corresponding to B = 0.05 (0.022 eV) and 0.2 (0.087 eV) whereby a lower value of fl = 0.1 (0.043 eV) still bounds most of the data points. This finding provides strong evidence for the assumed quenching mechanism with partial CT from the quencher to the excited dye.
Since quenchers 1-4 involve strongly electron-accepting substituents it seems possible that the particular behavior of this group of compounds can be explained by involving also reverse CT contributions with the quencher acting as an electron acceptor. The order of magnitude to be adopted for the resonance energy appears quite reasonable. Values used in theoretical work in typical exciplexes range about 0.15 eV.56
The theoretical curves in Figure 5 show that even smaller electronic interactions in the encounter complex may cause significant deviations from the Rehm-Weller curve. At present it is difficult to explain the variations of such small fl values in terms of the chemical structure of the systems. Certainly fl will depend on the distance of closest approach which may be related to specific interactions between certain regions of the reactants and on their specific solvation.
Comparing the AGO,, dependence of kq(Ex) with the RehmWeller curve we note that, except for the most obvious difference in the behavior for A G O , , -+ w , there is also a different curvature at AGO,, = 0. In the case of the exciplex model the change of the slope is more abrupt which, however, fits the bulk of our data points even better than the Rehm-Weller curve. To understand the differences between k,(Ex) and k (RW) one has to analyze the effects of thermally averaging the 8 T character and of taking exciplex bonding into account.
For AGO,, -+a the bonding effect is negligible. However, as is borne out by Figure 6b , the CT character acquired by the exciplex at the potential minimum of the locally excited state is dominating over the contribution from the minimum of the CT state. This feature determines the behavior of k,(Ex) in the more positive AGO,, region. A detailed analysis shows that for AGO,, -+a log k,(Ex) 0: -log AGO,, whereas for the Rehm-Weller model one has log kq(RW) 0: -AGo,,/RT.
Before log kq(Ex) turns to its limiting behavior in the more positive AGO,, region it parallels the Rehm-Weller curve in the weakly positive AGO,, region. The onset of the divergence from Foll et al.
the Rehm-Weller behavior shifts to lower k, as /3 -0 in which limit the two models can be made convergent.
The higher value of k,(Ex) at AGO,, = 0 is caused by an increasing influence of the exciplex binding energy as A G O , , is lowered and by the increasing contribution of CT character from the CT minimum of the exciplex potential curve (cf. Figure 6b ). In our model thermal equilibrium distribution is assumed over the complete q domain, whereas implicit in the Rehm-Weller model is the assumption that equilibrium distribution is established only up to the top of the barrier and barrier crossing becomes rate determining for the quenching process in the AGO,, = 0 region. In fact it would be possible to incorporate also the latter feature into the exciplex model, It is not of importance, however, in the more positive AGO,, region where our main concern has been located, when specifying the exciplex model. Induced Triplet Formation. As noted above, induced triplet formation is only observable with halogen substituents in the quenchers. However, even with these the process of induced internal conversion is always the dominating one. For a more quantitative analysis we will particularly consider the donors of the halogenated series of benzene, toluene, and anisole. The most striking feature concerning the efficiency of qT of induced triplet formation in this series of donors is the constancy of vT for a given halogen substituent while there is considerable variation of AGO,, and kq:
According to Scheme 111 we may express qT as
Here kOex = k p + k,'" is largely determined by k? which was demonstrated to obey a characteristic AGO,, dependence. Thus we may conclude from the observed constancy of that for donors with the same halogen a similar AGO,, dependence must also control k,e". To show this in detail we evaluate the ratio k,""/k,, which must closely follow the AGO, dependence of k,e" at AGO, > 0 where k, , is close to its limiting value, since Estab (cf. eq 35)
is small. The ratio k,""/k,, can be directly obtained from experimental quantities. Using the quantity a kOex kq/kex (38)
which may be calculated from k, and its diffusion-controlled limit we obtain from eqs 37 and 38
The values obtained for vTa for the various donors inducing triplet formation are listed in Table IV . In Figure 7a log (79) is plotted versus AGO,,. Here we see that for each set of donors with the same halogen, vTa decreases rather systematically with increasing AGO,,. The correlation lines shift to higher values in the series CI, Br, I of substituents which parallels the increasing SOC strength of these atoms. In order to account for this heavy atom effect more quantitatively we test the following assumption:
Le., we factorize the rate constant k,"" into a function F(AGo,,) which is independent of the halogen substituent X and a factor e x c i p l e~e s~~~~~ where they have been adjusted to fit the ISC rate constants of these triplet exciplexes. The iodine parameters thus obtained represent reasonable extrapolations of the Hiickel parameters of C1 and Br.60 The log plot of the reduced parameter vT(u/cx,p{x2 versus AGO,, is shown in Figure 7b . It is evident that use of eq 40 in fact leads to a unified correlation for the complete set of donors listed in Table IV . In other words, the ratio k,CX/ (k-e,cx,i{x2) must be a rather well-defined universal function of AGO,,. We will show how this function can be related to the exciplex quenching model.
It is already an assumption implicit in the introduction of the halogen SOMO coefficient in eq 40 that the rate of the ISC process should be proportional to the unpaired spin density transferred to the halogen substituent by the C T process that accompanies exciplex formation. Thus, in order to complete this idea, we set where A is a correlation constant and pcr(AGoet) is the thermally averaged CT character (b2), (cf. eq 24). From eqs 25 and 39-41 we obtain k,"" ACX,i2CXiPCT(AGoct)
59) Waschi, H. P.; Steiner, U. E., to be published. (60) In view of the problems in accounting for electronic properties of heavy atoms within the Hackel formalism no special effort was taken for fitting the iodine Huckel parameters to the present results, although some improvement of the correlation may be obtained. For example, with a, = 1 .O and j3cl = 0.2, the spin densities on iodine are increased by about a factor of 2 and the correlation data of eq 45 become log (vTa) = 0.02 + 1.01 log (C~,?{~*J), with r = 0.986 and u = k0.25.
Professor J. Mattay has drawn our attention transfer to account for a decreased slope of log (k,) vs AGO, as compared to the RW type behavior. In ref 62 as in other it is assumed that the CT character of the exciplex is independent of AGO, . With this assumption the theoretical relation between log (k,) and AGO, remains linear in the region of positive AGO,,, whereas in our case, with AG',,-dependent CT character, log (k,) approaches a proportionality to -log (AGOe,). In view of the scatter of experimental data points it may be difficult to distinguish between these theoretical results experimentally. From a theoretical point of view, however, our assumption appears to be the more consistent one. Chemistry, Vol. 94, No. 6, 1990 
The function J can be obtained without any further assumptions from the exciplex model as described above. It depends on the choice of the interaction matrix element p. It turned out that a change of 0 is mainly reflected as a constant scaling factor of J(AGo,,); Le., the general shape of J(AGo,,) is rather insensitive to the choice of p. Thus we will confine our analysis to a fixed value of 0.2X (G0.084 eV). The arbitrariness of the scaling factor thus introduced will enter into the value of the correlation constant B, the absolute value of which will not be of further concern here. in order to test the correlation, suggested by eq 42, we plotted log (qTa) versus log (cx,i2{x2J) in Figure 8a . As can be seen, there is a fairly good linear correlation over the complete range of data. A least-squares fit yields (45) with a correlation coefficient of r = 0.972 and a standard deviation of f0.35. This means that from AGO,, and the substituent parameters and lX the relative rate of ISC k,""/k,, can be predicted with an accuracy of a factor of 2.2 over a range characterized by a ratio of about lo6 between the highest and the lowest value. The slope of approximately unity in the log plot confirms the linear relation between k,""/k,, and the "electronic term" cx,i2{x2J suggested in eq 44.
We will now discuss the significance of the correlation of k,"" with the Hiickel coefficient cx,i of the halogen. In fact, the correlation of qTa with cx,i2{x2J is much better than with {x2J only, which indicates that the coupling of spin density to the heavy atom is an important factor and leads to an enhancement of the differences between the halogen substituents that would arise from the SOC constants only. On the other hand, as is documented in Table IV , the cx,, coefficients exhibit a pronounced dependence on the position of the substituent X. Such a position dependence is not borne out in the experimental values of qT, however.
Therefore we have also investigated the correlation of log (~p) with log CX2lx, where Cx is independent of position and donor (cf. Figure 8b ). Using for Ccl the average of the ccI,, in Table  IV ( with r = 0.985 and u = f0.26. This correlation is slightly superior to that with the positiondependent ex,, for individual donors and the slope is somewhat less than 1.0. Nevertheless, it must be pointed out that the factors Cx2 obtained from an unbiased fit of the data follow the averages of cpx-02 over the various donors (cpBrD2 = 0.062, c~~-~~ = 0.132). Thus the concept of spin density transferred to the halogen by *-charge transfer in the exciplex definitely has some experimental basis.
So far our kinetic analysis according to the exciplex model has demonstrated that in the deactivation of the exciplex the rate constants of both, IC and ISC, are intimately related to its CT character. f t must be pointed out, however, that the statistical scatter on the correlations established separately for kF/k-: and k,'"/k,, would not allow one to explain the remarkable independence of qT within each donor series with the same halogen. The linear correlations established through the log plots may be expressed in explicit form as Figure 7 .
t and e' signifying the deviation from linearity are 0.22 and 0.07, respectively. The physical interpretation of a and b has to be sought in terms of Franck-Condon (FC) factors of the corresponding processes and the existence of correlations 47 and 48 implies that throughout the series of quenchers listed in Table  IV the FC factors of IC and ISC, respectively, remain rather constant. There are of course individual deviations of the FC factors with the various quenchers from the average value a or b.
Individual "FC factors" may be defined as
Their statistical distribution can be characterized by mean and relative standard deviation:
= 0.40 f 55% and 6x,i = 0.81 f 67%. It is now of interest to note that, although individually scattered, pairs of ax,i and bx,i are correlated. We find
with a correlation coefficient of r = 0.89. This correlation follows directly from the remarkable constancy of qT = kF/koex within each set of quenchers with the same halogen substituent, which contrasts with the wide variation of the individual rate constants k,"" and kOex within the set. Thus we see that IC and ISC in the adiabatically formed exciplex are processes closely coupled not only by means of their common relation to the CT character of the exciplex as measured through the function J but also by the similar trends in their FC factors. We take this as an indication that the FC factors of both 
Con c I u s i o n s
In the present investigation the rate constant of fluorescence quenching (k,) and the efficiencies of induced ISC (qT), radical formation by electron transfer (qR), and induced IC (shown to equal 1 -qr -qR) have been systematically investigated as a function of the free enthalpy change AGO,, of electron transfer. It was found that, even with heavy atom substituents in the quencher, the induced IC pathway of quenching is the dominating one.
The observed correlation of kq with AGO, proves the importance of charge transfer in the quencher complex for inducing an IC process. Induced triplet formation is only found with quenchers of heavy-atom-enhanced spin-orbit coupling. However, this process, too, is coupled to the CT character of the quencher complex. Thus, with the present systems the heavy atom effect on the rate constant of induced ISC does not appear as an additive contribution to the quenching constant but is proportional to the rate of the induced IC process.
By the term "quencher complex" we understand an exciplex formed reversibly and activationless in the encounter of excited dye and quencher. This complex may acquire partial C T character, the degree of which is determined by AGO,, and by the interaction matrix element p. Our exciplex quenching model is shown to represent a generalization of the Rehm-Weller mechanism of fluorescence quenching by electron transfer, which is contained in our model as the limiting case for p = 0. Whereas in the Rehm-Weller model charge transfer is a discontinuous process occurring during passage of the system over the activation barrier, in the exciplex model charge delocalization occurs continuously and adiabatically as the reaction system moves along the reaction coordinate and the onset of CT-induced IC and ISC processes lies well before the activation barrier that separates the potential wells of radical pair and encounter complex.
It is of interest to note that in the case of triplet quenching with compounds similar to those of the present investigations4 the log kq/AGoa diagram is clearly of Rehm-Weller type. This difference between singlet and triplet quenching behavior can be readily explained within the exciplex quenching model. In the triplet case the same degree of C T character should be acquired in the encounter complex for the same AGO,, value if the CT interaction is the same which can be assumed if SI and TI are of the same orbital origin. However, the difference between triplet and singlet case lies in the efficiency of irreversible decay channels available to the encounter complex. The IC process which is the dominant one in the singlet case does not exist in the triplet case. As for the ISC process, in the triplet case this has to cope with a larger energy gap than the corresponding process connecting SI and T, in the singlet case. Therefore, it is much slower and even in the presence of heavy atoms it can hardly compete with the rapid dissociation of the encounter complex. Thus, in the triplet case efficient irreversible decay of the excited state requires transformation of the encounter pair to the radical pair (as is characteristic of the Rehm-Weller mechanism) from-where it may dissociate to form free radicals or undergo spin-inverted electron back transfer, particularly if heavy atoms are present to enhance spin-orbit coupling.*'
As a final remark we point out that in this paper the term exciplex has been used to express the presence of CT character in the encounter complex. Likewise one might express the fact that, through the same kind of interaction, the contact radical ion pair acquires some locally excited character by designating it an "exciplex". It was in this sense that the term has been used in our previous work on triplet quenching. Both types of exciplex states are separated by the energy barrier of the electron-transfer reaction proper. Thus the ambiguity of the term "exciplex" arises from the double minimum potential characterizing the situation of -A 5 AGO,, I A. Probably a lot of misunderstandings in the literature result from not clearly distinguishing between the two exciplex minima. In order to avoid future confusion we suggest to use the terms encounter type exciplex (ENCT exciplex) and radical pair type exciplex (RPT exciplex) for the corresponding species.
Introduction
Photochemistry of disordered molecular solids represents a convenient method of inducing transient or irreversible changes in the chemical composition of a wide variety of materials utilizing the high spatial, temporal, and wavelength selectivity of lasers. Potential applications include photolithography, optical data --storage and processing, photosensitization and solar energy conversion, and laser-induced detonation of explosives or propellants.
* Author to whom correspondence should be addressed.
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